Abstract-In a distributed robotic system, both human-controlled (semi-autonomous) and computer-controlled (fully autonomous) robots may simultaneously exist. From the global system's point of view, supervisory control for the interactions between the human and computer are important and necessary. For such human-computer interactive systems, this paper proposes a supervisory framework to guarantee that both human and computer commands meet collision-free and deadlock-free requirements. In the presented approach, Petri nets are applied to construct a system model and synthesize a desired supervisor. An application to a two-robot remote surveillance system is provided to demonstrate the practicability of the developed supervisory control approach. It is believed that the technique developed in this paper is significant in the industrial practice.
An Application of Petri Nets to Supervisory Control for Human-Computer Interactive Systems
Jin-Shyan Lee, Meng-Chu Zhou, Fellow, IEEE, and Pau-Lo Hsu, Member, IEEE Abstract-In a distributed robotic system, both human-controlled (semi-autonomous) and computer-controlled (fully autonomous) robots may simultaneously exist. From the global system's point of view, supervisory control for the interactions between the human and computer are important and necessary. For such human-computer interactive systems, this paper proposes a supervisory framework to guarantee that both human and computer commands meet collision-free and deadlock-free requirements. In the presented approach, Petri nets are applied to construct a system model and synthesize a desired supervisor. An application to a two-robot remote surveillance system is provided to demonstrate the practicability of the developed supervisory control approach. It is believed that the technique developed in this paper is significant in the industrial practice.
Index Terms-Distributed robotic systems, human-computer interactive systems, Petri nets (PNs), remote surveillance systems, supervisory control.
I. INTRODUCTION
R ECENTLY, mechatronics has been developed worldwide into a very attractive research area. It combines in a synergistic way the classical engineering disciplines of mechanical and electrical engineering and computer science, leading to new kinds of products. One of the topics in mechatronics is the investigation of the telerobotics because the demand for deploying distributed robotic systems in real-world environments has increased immensely. Telerobotics is the extension of a human's sensing and manipulation capability to a remote location. Application examples are in public safety surveillance, clean-up work in hazardous environments, and rescue work in disaster areas [1] - [3] . It is observed that it is impossible for those robots to carry out all the high-level tasks autonomously. A human operator would be somehow involved in these systems. In general, both autonomous and semi-autonomous robots may simultaneously exist in a distributed robotic system, where the former are fully controlled by associated computer controllers, while the latter are also partly controlled by humans. Thus, a human operator has to interact with the computer controller in such a system, i.e., the so-called human-computer interactive system (HCIS) in this paper. As shown in Fig. 1(a) , a human operator issues a command to trigger a human-controlled (semi-autonomous) robot and a computer controller automatically regulates a computer-controlled (autonomous) robot both with the status feedback from the overall controlled system (i.e., both robots) through a network. From the global system's point of view, interactions between human and computer are important and necessary. Also, in practical applications, some requirements (typically for safety considerations) have to be obeyed for the overall system operations. Therefore, a supervisory framework is needed to facilitate the interactive control between human and computer so as to guarantee that undesirable executions never occur. However, most of the human-robot literature focuses on the interaction between human operators and their controlled robots [4] - [8] , and provides few solutions for such an interaction between a human operator and an autonomous computer controller at the same control level. From the high-level point of view, an HCIS is inherently a discrete-event system (DES), i.e., a dynamic system with state changes driven by occurrences of individual events. Supervisory control theory provides a suitable framework for analyzing DES [9] - [11] . For such human-computer interactive systems, this paper proposes a supervisory framework so as to prevent abnormal operations of both human and computer from being carried out, as shown in Fig. 1(b) . The supervisory agent acquires the system status and then advises the human operator and computer controller while issuing commands. The agent enables and disables the associated actions so as to meet the requirements. Then, both human operator and computer controller are allowed only to perform the enabled events to control their robots. The role of the supervisory agent is to interact with the human operator, computer controller, and controlled system so that the system meets the required specifications and to guarantee that undesirable executions do not occur. Thus, the human-computer interactive loop is closed in this way.
Most existing methods for supervisory system design are based on automata models. However, these methods often involve exhaustive searches of overall system behavior and result in state-space explosion problems. One way of dealing with these problems is to model the DES with Petri nets (PNs) [12] , [13] . PN modeling normally has more compact syntactical representation than the automata approach. Also, from a semantic point of view, the effect of the state-space explosion problem can be reduced using the structural analysis, such as the siphons/traps-based approach [16] , to investigate the 0278-0046/$20.00 © 2005 IEEE system properties. In addition, PN has an appealing graphical representation with a powerful algebraic formulation and is better suited for modeling systems with parallel and concurrent activities. Thus, it has generated intense interest among many researchers [14] - [18] . In our work, PNs are used in designing the supervisory system, yielding a compact and graphical model for the HCIS. To demonstrate the feasibility of the proposed supervisory framework, an application of a remote surveillance system is illustrated in this paper. During the system operation, our approach ensures that remote commands from the human operator and computer controller meet the given collision-free and deadlock-free requirements.
The organization of the paper is as follows. Section II introduces the model construction of human-computer interactive systems by using PNs. Next, a systematical procedure of the PN-based supervisor synthesis is described in Section III. Then, Section IV illustrates our approach through a remote surveillance system. Finally, Section V gives the conclusions.
II. PN-BASED SYSTEM MODELING
This section first introduces the basic PN concept, and then shows the elementary PN models. Finally, the modeling of human-computer interactions is introduced.
A. Basic Concepts of PN
A PN is identified as a particular kind of bipartite directed graph populated by three types of objects. They are places, transitions, and directed arcs connecting places and transitions. Formally, a PN can be defined as where finite set of places, where ; finite set of transitions with and , where ; an input function that defines a set of directed arcs from to , where ; an output function that defines a set of directed arcs from to ; initial marking.
A transition is enabled if each input place of contains at least the number of tokens equal to the weight of the directed arc connecting to . When an enabled transition fires, it removes the tokens from its input places and deposits them on its output places. PN models are suitable to represent the systems that exhibit concurrency, conflict, and synchronization.
Some important PN properties include boundness (no capacity overflow), liveness (freedom from deadlock), conservativeness (conservation of nonconsumable resources), and reversibility (cyclic behavior). The concept of liveness is closely related to the complete absence of deadlocks. A PN is said to be live if, no matter what marking has been reached from the initial marking, it is possible to ultimately fire any transition of the net by progressing through some further firing sequences. This means that a live PN guarantees deadlock-free operation, no matter what firing sequence is chosen [14] . Validation methods of these properties include reachability analysis, invariant analysis, reduction method, siphons/traps-based approach, and simulation [16] .
B. Elementary PN Models
At the modeling stage, one needs to focus on the major operations and their sequential or precedent, concurrent, or conflicting relationships. The basic relations among these processes or operations can be classified as follows. 1) Sequential: As shown in Fig. 2(a) , if one operation follows the other, then the places and transitions representing them should form a cascade or sequential relation in PN's. 2) Concurrent: If two or more operations are initiated by an event, they form a parallel structure starting with a transition, i.e., two or more places are the outputs of a same transition. An example is shown in Fig. 2(b) . The pipeline concurrent operations can be represented with a sequentially-connected series of places/transitions in which multiple places can be marked simultaneously or multiple transitions are enabled at certain markings. 3) Cyclic: As shown in Fig. 2(c) , if a sequence of operations follow one after another and the completion of the last one initiates the first one, then a cyclic structure is formed among these operations. 
4) Conflicting:
As shown in Fig. 2(d) , if either of two or more operations can follow an operation, then two or more transitions form the outputs from the same place. 5) Mutually Exclusive: As shown in Fig. 2(e) , two processes are mutually exclusive if they cannot be performed at the same time due to constraints on the usage of shared resources. A structure to realize this is through a common place marked with one token plus multiple output and input arcs to activate these processes.
In this paper, for the human-computer interactive systems, PN models of the human behavior and computer actions will be constructed based on these elementary models.
C. Modeling of Human-Computer Interactions
On the part of the human-controlled system, the human behavior can be modeled using the command/response concept. As shown in Fig. 3 , each human operation is modeled as a task with a start transition, end transition, progressive place and completed place. Transitions drawn with dark symbols are events that are controllable by the remote-located human through the network. Note that the start transition is a controllable event as "command" input, while the end transition is an uncontrollable event as "response" output. On the other hand, the computercontrolled action can be simply modeled as a single event transition, since its actions are all uncontrollable from the human-controlled point of view.
III. PN-BASED SUPERVISOR SYNTHESIS
This section first shows the required specification types for human-computer interactive systems. Then, a PN-based procedure for supervisor synthesis is introduced.
A. Specification Types
The objective of a supervisor is to restrict the behavior of both human and computer so that it is contained within the set of admissible states, called the specification. In this study, two main types of specifications are considered and described as follows.
1) Collision-free motions:
This specification presents the physical constraints of the limited resources, such as the rooms and hallways. Two robots are disallowed to enter the same space to guarantee no collision. The shared resources can be adequately expressed in terms of mutual exclusion conditions as mentioned in Fig. 2 
(e). 2) Deadlock-free operations:
The deadlock-free specification ensures that a given command will not lead to the system to a deadlock state. At such a state, no further action is possible. This specification can be preserved by deadlock avoidance policies [18] .
On the part of the human-controlled system, the proposed supervisor enforces these specifications by restricting the commands available to human operators. On the other hand, the supervisor prohibits undesirable actions of the computer-controlled system so as to meet these specifications.
B. Supervisor Synthesis
PN's have been used to model, analyze, and synthesize control laws for DES. Zhou and DiCesare [19] , moreover, addressing the shared resource problem, recognized that mutual exclusion theory plays a key role in synthesizing a live, bounded, and reversible PN. In mutual exclusion theory, parallel mutual exclusion consists of a place marked initially with one token to model a single shared resource, and a set of pairs of transitions. Each pair of transitions models a unique task which requires the use of the shared resource. In this paper, we adopt mutual exclusion theory to build the PN models for the collision-free specifications and then compose them with the models of human and computer behaviors to synthesize the supervisor. The supervisor design procedure consists of the following steps.
Step 1) Construct the PN model of the human behaviors and computer actions.
Step 2) Build the PN model of the collision-free specifications using the mutual exclusion concept for shared resources.
Step 3) Compose the behavior and resource models to synthesize the preliminary supervisor model. Step 4) Analyze and verify the properties of the composed model.
Step 5) Refine the model to obtain a deadlock-free, bounded, and reversible model. 
IV. SUPERVISORY CONTROL OF A REMOTE SURVEILLANCE SYSTEM

A. System Description
The human-computer interactive system in Fig. 1(b) can be applied as a remote surveillance system, which is composed of one human-controlled robot (simplified as Robot-h) and one computer-controlled robot (simplified as Robot-c). These two robots are placed on a floor with five rooms, and the moving directions for each robot are shown in Fig. 4 , respectively. The Robot-h and Robot-c must traverse each doorway in the direction indicated. Moreover, in order to avoid possible collisions, Robot-h and Robot-c are not allowed simultaneously in the same room during the surveillance period. The initial states of the Robot-h and Robot-c are in R5 and R2, respectively.
B. PN-Based System Modeling
By applying the command/response concept and based on the system description, the PN model for the human-controlled robot is constructed as shown in Fig. 5(a) . It consists of 13 places and 16 transitions, respectively. On the other hand, for the computer-controlled robot, the PN model is directly built according to its located room, as shown in Fig. 5(b) , which, respectively, consists of five places and six transitions. Corresponding notation of both the PN models is described in Table I .
C. PN-Based Supervisor Synthesis
The five rooms represent the resources shared by the two robots. Since more than one robot may require access to the FIG. 5 same room, but in order to avoid collisions, each room can only be allowed to have one robot at a time, collisions and deadlocks may thus occur. Hence, the objective is to design a supervisor to insure the whole system against these undesired situations. The required two main specifications are formulated as follows. has not yet been fired. If has been fired, cannot be executed until is given to signal that Room 1 is available again. Thus, only one robot is allowed to be in Room 1 at any time, thereby avoiding the collision there.
The supervisory places to (for Spec-1.1 to Spec-1.5, respectively) are used to prevent the remote human operator and computer controller from issuing undesired commands leading to resource conflicts on the part of the system. The corresponding notation for the supervisory places ( -) is described in Table II .
D. System Verification and Deadlock Resolution
At this stage, due to its ease of manipulation, support for graphics import, and ability to perform structural and performance analyses, the software package ARP [20] is chosen to verify the behavioral properties of the composed PN model using the reachability analysis. The validation result shows that two deadlocks occur with the marked places {ph3, pc2, , , } and {ph8, pc4, , , }, respectively. Fig. 7 shows the real situations of the two deadlock states, of which the physical meaning is that if Room 1 (or Room 3) is occupied with Robot-h and Room 4 (or Room 5) is held by Robot-c, respectively, then no new events can be fired by the human or computer, and the system is deadlocked. Hence, for deadlock-free requirements, Spec-2 has two subspecifications as follows.
Spec-2.1) Robot-h is allowed to enter Room 1 only when Robot-c is not in Room 4, and vice versa. Spec-2.2) Robot-h is allowed to enter Room 3 only when Robot-c is not in Room 5, and vice versa. As shown in Fig. 8 , and are further designed by using the mutual exclusion concept and then combined with the PN model in Fig. 6 . Take an example of . It makes transitions and mutually exclusive. That means either Robot-h Validation results (with and ) reveal that the present PN model is deadlock-free, bounded, and reversible. The deadlock-free property means that the system can be executed properly without deadlocks, while boundedness indicates that the system can be executed with limited resources, and reversibility implies that the initial system configuration is always reachable. The corresponding notation for the supervisory places ( and ) is described in Table II .
E. Discussions
On part of the human-controlled robot, in the proposed supervisory framework, the human behavior is advised and restricted to satisfy the specifications so that the collision and deadlock are avoid during the surveillance period. As shown in Table III , without supervisory control, the state space is 65, including the undesired collision and deadlock states. By using our proposed approach, in the preliminary supervision, i.e., only the collision-free specification (Spec-1.1 to Spec-1.5) is enforced, the state space reduces to 44. Finally, with the deadlock resolution, the state space is limited to 40 only. That means the undesired collision and deadlock states will be successfully avoided during the surveillance period. In this approach, the supervisor consists only of places and arcs, and its size is proportional to the number of specifications that must be satisfied.
V. CONCLUSION
This paper has presented a PN-based framework to design a supervisor for human-computer interactive systems. The supervisor is systematically synthesized to enforce the requirements.
To demonstrate the practicability of the proposed supervisory approach, an application to a remote surveillance system is provided. According to the feedback status of the remotely located system, the designed supervisory agent guarantees that all requested commands satisfy the collision-free and deadlock-free specifications. On the part of human-controlled systems, the developed supervisor can be implemented as an intelligent agent to advise and guide the human operator in issuing commands by enabling or disabling the associated human-controlled buttons [8] . Hence, for human-computer interactive systems, the proposed approach would be also beneficial to the human-machine interface design.
Future work includes the extension of specifications to timing constraints, the multiple-operator access, and error recovery functions. Moreover, constructive definition of the synthesis algorithm should be investigated. Also, for the scalability of the supervisor synthesis, the hierarchical design [21] can be further applied to more complex and large-scale systems.
